


 

 

Fig. 3 | Meta-analytic functional decoding of insular zones using Neurosynth. a, Topic-
level decoding. Heatmap shows standardized point-biserial correlations between domain-
general and domain-selective zones and psychological topics registered in Neurosynth. Topics 
(x-axis) were selected based on standardized correlation>1 from 50 psychological topics (see 
Supplementary Fig. 5 for complete topic heatmap). b, Term-level decoding. Each subplot shows 
the top 10 highest and lowest correlating terms for each insular zone, selected from 525 
psychological terms. Domain-general zones are highly correlated with a heterogeneous set of 
topics and terms across all domains, while domain-selective voxels exhibit high correlations with 
topics and terms related to their designated domains. da: Dopamine 
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Coactivation between insular zones and other brain systems 

To better understand how these insular zones participate in brain-wide systems, we investigated 
their coactivation patterns with other regions across 27,072 studies in the Neurosynth database. 
This approach provides a meta-analytic proxy of functional connectivity19,66,67. We also 
examined the relationship between each extra-insular coactivated system and seven canonical 
resting-state networks in cortical, subcortical, and cerebellar regions73–75.  

Domain-general zones showed high coactivation with other putative convergence zones across 
the brain, including bilateral rostrolateral (rlPFC), right ventrolateral (vlPFC), and right posterior 
dorsomedial prefrontal cortices (dmPFC), bilateral posterior temporal parietal junction (TPJp), 
and bilateral anterior midcingulate cortex (aMCC) in the cortex (Fig. 4a). No coactivated voxels 
were found in subcortical regions or thalamus. These regions largely co-localized with those at 
the transmodal end of the principal cortical gradient72. A majority of voxels coactivating with 
domain-general zones were located in frontoparietal (32.8%) and default (27.1%) networks. 
These networks are also among the most transmodal networks across the brain. 

Pain-selective insular zones showed high coactivation with brain regions involved in 
somatosensory and somatomotor processing as well as pain processing, including bilateral 
primary and secondary somatosensory cortices (S1 and S2), right premotor and primary (M1) 
and supplementary motor area (SMA), bilateral posterior operculum, bilateral anterior TPJ 
(TPJa), and bilateral posterior medial (pMCC) and dorsal posterior cingulate cortex (dPCC) in 
the cortex. Subcortical coactivation was observed in ventral posterior thalamus, including ventral 
posteromedial nucleus (VPM), as well as both posterior and anterior putamen, external and 
internal globus pallidus, subthalamic nucleus in basal ganglia, and amygdalostriatal transition 
area and centromedial amygdala. Coactivated voxels were predominantly in somatomotor 
(41.1%) and ventral attention (17.8%) networks (Fig. 4b). This finding aligns with previous 
observations in the context of predictive models of pain76,77, where a substantial number of pain-
predictive voxels were located in somatomotor and ventral attention networks. 

Appetitive-selective insular zones showed high coactivation with posterior putamen. These 
coactivated regions, predominantly located in ventral attention network (33.1%), have been 
implicated in affective processing across multiple meta-analyses78 and individual studies79,80. 

Aversive-selective insular zones showed the highest coactivation with bilateral orbitofrontal 
cortex (OFC), anterior medial wall—left ventromedial prefrontal cortex (vmPFC) and right 
posterior dmPFC, bilateral pregenual anterior cingulate cortices (pACC)—bilateral temporal 
pole, right superficial amygdala, and right nucleus accumbens (NAc). These regions have been 
broadly associated with regulation of affective and motivational processes in previous studies. 
The majority of voxels were found in default mode (52.2%) and limbic (35.5%) networks, with 
only about 12% in the other networks combined. This provides a striking contrast with somatic 
pain, which is also aversive but involves very different regions and networks, and helps to 
elucidate why pain and non-somatic negative affect have been strongly dissociable in prior 
studies19,79. 
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Cognitive-selective zones showed greater coactivation with bilateral dorsolateral PFC (dlPFC), 
including inferior frontal junction (IFJ), and bilateral intraparietal sulcus (IPS) and superior 
parietal lobule (SPL) in the parietal cortex; anterior medial and lateral thalamus across ventral 
anterior (VA), ventral lateral (VL), lateral dorsal (LD), mediodorsal (MD), ventromedial (VM) 
nuclei; and bilateral anterior putamen and caudate head. These regions have broadly been 
associated with cognitive control and goal-based action selection, and a network including 
dlPFC, IFJ, and anterior insula has been argued to form a neural circuit that selects actions to 
execute via evidence accumulation81,82. In addition, the mid-caudate zone identified here has 
been selectively associated with executive control in a previous meta-analysis83. Coactivating 
voxels were distributed predominantly among frontoparietal (33.7%) and dorsal attention 
(28.4%) networks.  

Fig. 4 | Brain-wide coactivation patterns and resting-state network affiliations of insular 
zones. a, Meta-analytic coactivation patterns between insular zones and extra-insular regions. 
Coactivated voxels outside of the insula are assigned to the insular zone with which it showed 
maximum correlation, requiring that maximum correlation to be at least 10% higher than the 
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next highest correlation. aMCC: anterior midcingulate cortex; dlPFC: dorsolateral prefrontal 
cortex; IFJ: inferior frontal junction; IPS: intraparietal sulcus; SPL: superior parietal lobule; M1: 
primary motor cortex; NAc: nucleus accumbens; OFC: orbitofrontal cortex; pACC: pregenual 
anterior cingulate cortex; pMCC: posterior midcingulate cortex; rlPFC: rostrolateral prefrontal 
cortex; S1: primary somatosensory cortex; S2: secondary somatosensory cortex; SMA: 
supplementary motor area; TPJa: anterior temporoparietal junction; TPJp: posterior 
temporoparietal junction; vlPFC: ventrolateral prefrontal cortex; vmPFC: ventromedial prefrontal 
cortex; VPM: ventral posteromedial nucleus. b, Distribution of coactivated regions across seven 
resting-state networks73–75. Bar graph shows the percentage of coactivated voxels overlapping 
with each network across cortical, subcortical, and brainstem regions. 

Cytoarchitectonic characterization of domain-general and domain-selective insular zones 

To explore the cytoarchitectonic associations of the insular zones, we examined their overlap 
with the Julich-Brain Cytoarchitectonic Atlas23,68, which parcellates the insula into 16 parcels 
grouped into four clusters (posterior, dorsal anterior, inferior posterior, and ventral anterior) 
based on cytoarchitectonic characteristics (granular-dysgranular, dysgranular, dysgranular-
agranular, and agranular, respectively; Fig. 5). We identified spatial overlap between each 
insular zone and atlas parcels using Dice Coefficients and selected parcels with coefficients 
greater than 0.1. 

Identified insular zones mapped onto different cytoarchitectonic regions in the insula, though the 
overlap was imperfect. Domain-general zones were contained predominantly within left dorsal 
anterior cluster (dysgranular) and right ventral anterior cluster (agranular), with the strongest 
overlap with Id6 (see Fig. 5). Cognitive-selective zones also demonstrated high overlap with 
bilateral dorsal anterior clusters and right ventral anterior cluster, though more dorsal and 
anterior to domain-general zones, with the strongest overlap in Id7. In contrast, appetitive and 
aversive-selective zones were primarily in agranular insula, with appetitive-selective zones 
overlapping most strongly with left inferior posterior cluster (agranular-dysgranular, primarily Id5) 
and right ventral anterior cluster, while aversive-selective zones overlapped most strongly with 
bilateral ventral anterior clusters (primarily Id10). Pain-selective zones, anatomically located in 
mid-posterior insula, showed the strongest overlap with dorsal anterior cluster (primarily Id6). 
These zones also extended into inferior posterior (primarily Id5) and posterior (granular-
dysgranular; primarily Id3) clusters, spanning across granular, dysgranular, and agranular 
structures (for a full list of Dice Coefficients, see Supplementary Table 3). 
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Fig. 5 | Cytoarchitectonic profiles of insular zones. For each functional zone, only the best 
matching cytoarchitectonic parcels are shown from the Julich-Brain Cytoarchitectonic Atlas23,68 
(32 parcels across left and right insula). Inset shows the full cytoarchitectonic atlas of the insula 
adapted from Quabs et al.23 with the authors’ permission. 

Neurochemical associations with functional insular zones 

To characterize associations with neurotransmitter systems derived from human molecular 
imaging, we estimated spatial associations (measured in point-biserial correlations) between 
insular zones and their coactivated brain-wide systems, with PET binding maps of 36 
neurotransmitter receptors and transporters across 8 systems from Neuromap69,70. We 
interpreted only associations replicated across at least two independent studies of the same 
receptor or transporter84.  

Several neurotransmitter systems showed reliable associations with particular insular zones 
(Fig. 6a). Mu-opioid (MOR) and cannabinoid (CB1) receptors were strongly associated with 
domain-general zones and all affective functional domains (appetitive, aversive, and pain-
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selective zones). Affective domains also had particularly strong associations with serotonin 
receptor (5-HT1a) and transporter (5HTT) maps, whereas domain-general and cognitive-
selective zones showed relatively stronger associations with serotonin 5-HT1b receptor. Both 
domain-general and pain-selective zones showed strong correlations with glutamate (mGluR5) 
receptors. Appetitive and cognitive-selective zones shared particularly strong associations with 
dopamine (D2) receptor distribution. Overall, these findings suggest that different 
neurotransmitter systems may be differentially involved in specific functional domains, with 
varying degrees of overlap between the insular zones. 

Next, we calculated correlations between the neurotransmitter system profiles of the insular 
zones and their corresponding coactivated brain-wide networks (Fig. 6b). The neurotransmitter 
system profiles in domain-general and functionally selective zones in the insula were highly 
similar to those of their corresponding extra-insular systems (mean Pearson’s correlation=0.66; 
range: 0.35–0.91). For example, the profile of positive spatial associations between domain-
general insular zones and CB1, 5-HT1b, mGluR5, and MOR was also present in their 
coactivated brain-wide systems (e.g., anterior PFC, TPJp, aMCC).  

This pattern of neurochemical correspondence was consistent across most domains. Off-target 
correlations across different functional domains (e.g., between aversive-selective insular zone 
and appetitive-selective brain-wide systems) were generally weaker than on-target correlations 
(e.g., between aversive-selective insula and aversive-selective brain-wide systems) and were 
often negative. This correspondence was strongest for domain-general and aversive domains. 
Domain-general regions showed on-target similarity r=0.88 (off-target range: r=-0.78–0.43) and 
aversive processes showed on-target similarity r=0.91 (off-target range: r=-0.37–0.27). Pain 
showed the least correspondence, suggesting pain-selective insular zones may have distinct 
receptor distributions compared to their associated sensorimotor, thalamic, and posterior striatal 
areas. 
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Fig. 6 | Neurotransmitter system profiles of insular zones. a, Spatial similarity between the 
insular zones and 36 neurotransmitter maps from Neuromap70,85 with standard errors estimated 
through 100 bootstraps. Black rings indicate zero correlation. Inset shows neurotransmitter 
systems and their corresponding receptors and transporters in the atlas. b, Correlation between 
the insular zones and their extra-insular coactivated systems. Domain-general and selective 
zones showed highly similar neurotransmitter system profiles to their corresponding extra-
insular coactivated regions except pain-selective insular zones and their extra-insular system. 
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Discussion 

The insula contains subregions associated with diverse cognitive, affective, and interoceptive 
processes, and its hypothesized role in integrating these information streams is thought 
fundamental for generating unified subjective experiences. However, spatially precise, empirical 
evidence characterizing functional convergence zones in the insula has been limited. Using 
large-scale fMRI data of 540 participants systematically sampled across four functional domains 
and Bayes Factor analyses, we rigorously evaluated both presence and absence of activation 
across domains. We identified a domain-general convergence zone in bilateral dAIns 
surrounded by domain-selective zones for pain, appetitive processes, aversive processes, and 
cognitive control with distinct patterns in their meta-analytic functional profiles, brain-wide 
coactivation patterns, cytoarchitectonic organization, and neurotransmitter receptor distributions. 

Furthermore, inter-domain convergence revealed a structured spatial organization in the insula, 
progressing from domain-selective zones in peripheral (ventral and posterior) regions to the fully 
domain-general zones in dAIns, extending beyond previously proposed posterior-to-anterior 
progression38,39,86. These findings support theories that propose hierarchical organization of 
convergence zones and spatial topography based on functional similarity36,37, and align with 
theories of embodied cognition that emphasize how the progressive integration of bodily signals 
enables goal-directed behavior and conscious awareness34,35. 

Our findings identified insular areas of functional convergence and selectivity with increased 
precision relative to previous work. AIns as heuristically defined by Craig39 and dAIns in early 
meta-analyses19 contains both domain-general and functionally selective zones for cognitive 
control, somatic pain, and/or non-somatic aversive processes in our Bayes Factor analysis. 
While overlapping BOLD signals alone cannot establish functional convergence, multiple levels 
of evidence support this result: (a) hierarchical progression from domain-selective to domain-
general zones, (b) functional associations based on previous literature, (b) coactivated brain-
wide systems, (c) cytoarchitectonic organization, and (d) neurotransmitter system profiles. 

Functional associations using Neurosynth meta-analytic topic maps revealed that domain-
general zones in dAIns were among the brain regions showing activation across the most 
heterogeneous set of psychological topics, ranking in the top 5% of all brain voxels for functional 
diversity, alongside aMCC, IFJ, and medial thalamus. Meta-analytic coactivation analysis further 
revealed high coactivation with other cortical convergence zones such as rlPFC, TPJp, and 
aMCC, which are situated at the transmodal end of unimodal-to-transmodal cortical gradients72. 

Overall coactivation patterns across the identified insular zones showed systematic 
topographical organization, with organized transitions between functional domains across 
cortical and subcortical regions. For example, in lateral frontal cortex, we observed an anterior-
to-posterior hierarchy from domain-general rlPFC to cognitive control-related dlPFC to pain-
related somatomotor regions. This pattern is consistent with theories and findings on prefrontal 
hierarchy that reflect more abstract, domain-general, and temporally extended processes in 
anterior regions to more immediate task goals and actions in posterior prefrontal regions87–90. In 
lateral temporal-parietal cortex, domain-general regions in TPJp were situated between 
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cognitive control-related SPL and pain-related TPJa and S2 regions (connected to 
somatosensory thalamocortical pathways). Similarly, domain-general regions in IFG were 
positioned between cognitive control-related premotor regions and anterior temporal regions 
(connected to medial temporal and hippocampal circuits) processing non-somatic aversive 
responses. In subcortical structures, we found a progression from anterior striatal and thalamic 
zones specialized for cognitive control to posterior zones specialized for pain, and with 
appetitive processing potentially localized to the extreme posterior striatum, consistent with 
areas encoding stable, long-term value in non-human primates91. 

With respect to canonical resting-state cortical networks, domain-general and domain-selective 
insular zones and their coactivated systems were unevenly distributed across the networks, but 
did not align in a one-to-one fashion with them. Instead, the functional systems associated with 
each insular zone spanned multiple networks. This property is consistent with previous findings 
that decoding models predicting affective experiences span multiple resting-state networks92–95. 
On one hand, resting-state networks may be related to task-based patterns at a coarse level96 
and predictive of individual task-evoked topography97, but on the other, tasks evoke 
reorganization of functional connections and networks in ways that cannot be captured by static 
resting-state patterns98–100, including alterations of brain-wide neuronal activity patterns by 
stimuli and activation of neuromodulatory nuclei101–105. This may help explain why the insular 
zones and coactivated systems we identify here are not reducible to simple combinations of 
resting-state networks. Instead, activations arise from the bridging of multiple networks.  

As with resting-state networks, our functional insular zones mapped onto cytoarchitecture to 
some degree, but cytoarchitectonic boundaries were not sufficient to describe them completely. 
Domain-general convergence zones were located largely within cytoarchitectonic region Id623 in 
dAIns but our results also indicate functional heterogeneity within Id6, including pain and 
cognitive-selective zones in non-overlapping portions. 

The observed cytoarchitectonic mappings were further corroborated by evidence from 
intracranial studies, which provide more direct neural measurements with higher temporal 
resolution (electrophysiology) and establish causal links to behavior (direct stimulation). 
Domain-general and cognitive-selective zones were predominantly located in dysgranular cortex 
(Id6 and Id7, respectively), aligning with recent findings suggesting that dysgranular dAIns is a 
key region for convergence and cognitive control20,106–112. Recent intracranial electrophysiology 
and stimulation studies using the same cytoarchitectonic parcellation further support these 
associations: while Id7 showed increased activity during task-related salience detection and no 
responses when stimulated, Id6 showed hypervigilance and anxiety when stimulated—a pattern 
expected from a multi-modal convergence zone with heightened arousal and vigilance 
dissociated from specific somatic or affective content28. Aversive-selective zones in agranular 
regions (Id10) align with known limbic system projections112 and correspond to regions showing 
specific responses to negative emotional stimuli in electrophysiological recordings113. 

Pain-selective zones were a notable exception to this pattern of cytoarchitectonic associations, 
showing a complex pattern spanning multiple cytoarchitectonic clusters that both aligns with and 
diverges from previous findings. Beyond Id6's role in vigilance discussed above, Duong et al.28 
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found that Id6 stimulation evoked visceroception, posterior insular areas Id2 and Ig2 evoked 
pain, and Id3 evoked somatosensation—findings that align with other stimulation findings on 
somatic and visceral sensations6,31,57,114,115. This broad distribution may reflect both the 
importance of the insula for interoception and the complex, multidimensional nature of pain, 
which involves a relatively unique combination of regions across the brain116,117. However, our 
findings diverge from established work showing that posterior granular insula is a key region for 
processing somatosensory, nociceptive, and pain information112. Specifically, we did not 
observe pain-selective activity in Ig1 (bilateral), Ig2 (left), and Id2 (left) of dorsal posterior 
insula—     regions where many previous studies found pain-selective activity54,55,118 and where 
direct stimulation reliably evokes pain29,56,119–121. While right Ig2 and Id2 showed pain-selective 
activity, they were not the most strongly associated parcels with our pain-selective zones. This 
apparent discrepancy may reflect the constraints of data harmonization required for analyzing 
heterogeneous multi-study data. After evaluating several methods, we chose z-scoring for 
harmonizing data across studies (as detailed in Methods), which affects the detection of pain-
selective responses in posterior insula due to pain's insula-wide activation. 

Neurotransmitter receptor and transporter binding patterns from molecular imaging studies in 
Neuromaps69,70 revealed distinct neurochemical patterns across the insular zones. Similar 
receptor distribution patterns were also observed in brain-wide systems coactivated with these 
insular zones, suggesting these functionally connected regions share similar capacities for 
neurochemical modulation. This pattern supports the hypothesis that functional organization is 
guided by the co-expression of patterns across neurotransmitter systems in functionally related 
areas, even in the absence of direct structural connections69,122–125. This principle is illustrated 
by recent findings where language-related areas showed similar receptor distribution patterns 
despite being anatomically distributed126, suggesting a common molecular basis for functionally 
related regions. Furthermore, optogenetic and chemogenetic fMRI studies127–133 provide 
corroborating evidence by demonstrating that manipulating neurotransmitter release from 
subcortical centers can modulate functional connectivity among regions with shared receptor 
profiles. 

One exception to this pattern of neurochemical correspondence was that the neurotransmitter 
profile of pain-selective insular zones showed higher similarity to the extra-insular non-somatic 
negative affect system than to their own extra-insular pain system. This finding implies either 
pain-related neuromodulatory systems could be more region-specific within the insula, or pain 
processing in the insula may not be exclusively nociceptive, but may also involve pain-specific 
affective components, i.e., “pain” representations across nociceptive and vicarious pain, as was 
recently observed in mid-insula95.  

These findings highlight the value of our systematic multi-domain sampling approach in 
revealing both convergent and divergent patterns of functional organization in the insula and 
present an important direction for future research. This approach recognizes that activity 
patterns related to broad constructs like “pain”, “cognitive control”, and so forth can only be 
effectively identified by testing across distinct subdomains with varied stimuli and task 
designs134–136. While large-sample studies137–141 enable investigation of how multiple 
psychological constructs are represented in the brain across large populations, the use of single 
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tasks to represent broad psychological constructs (e.g., an emotional face-matching task to 
study emotion or an N-back task to study cognitive control and working memory) limits their 
ability to identify generalizable representations. Characterizing generalizable neural 
representations requires systematic sampling across multiple implementations of each 
construct, as demonstrated by our approach through the ANiC and previous work142.  

Finally, the present study has limitations that should be addressed in future research. First, the 
impact of specific methodological variables on activation patterns requires further investigation 
using a larger set of studies with systematically coded methodological variations. Second, while 
our study systematically sampled four functional domains, several domains important to insular 
function remain to be examined—e.g., chemosensation such as smell and taste58,59, heartbeat 
perception51–53,143, non-pain somatic aversive experiences like breathlessness144 and itch145, 
autonomic arousal143, inflammation and sickness25,48–50, nausea146, tussis147, and others. 
Addressing this limitation will require collaboration and sharing of multiple studies of sufficient 
size (n ≧ 15). Third, our psychological domain structure represents just one possible ontology 
for classifying studies148–151. The development and validation of ontologies is a complex and 
important research topic, and there is no single “correct” solution. Future research with 
extended samples could empirically compare different candidate ontologies, working toward 
developing psychological categories that are better aligned with the functional architecture of 
the brain150,152. We hope our study inspires future work to expand this approach and address 
these outstanding long-term goals.  

Lastly, our analysis focuses primarily on activation patterns and does not extensively consider 
information carried by deactivation. While aggregating individual-level contrast images allows for 
observation of deactivation patterns that can provide valuable insights, interpreting these 
patterns presents significant challenges, as their underlying mechanisms are less well 
understood than those of activations. The relationship between BOLD signal decreases and 
neural activity may vary across brain regions, involving interactions between neural activity, 
neurovascular coupling, and hemodynamics153–155. Beyond this regional variability, BOLD 
decreases can reflect various neural processes, from inhibition of task-irrelevant activity to 
resource reallocation or shifts between functional modes156,157. Additionally, the choice of 
baseline condition significantly affects observed deactivation patterns, complicating cross-study 
comparisons. Given these complexities and the activation-based nature of our subsequent 
multi-level characterization analyses, we focused our primary Bayes Factor analysis on 
activation patterns. However, recognizing the potential importance of deactivation, we have 
included deactivation-based results in Supplementary Fig. 6 for reference. We encourage future 
studies to further investigate deactivation patterns for various brain functions in and beyond the 
insula. 

Overall, this study provides strong empirical evidence for a fundamental organizing principle in 
the insula: the coexistence of functionally convergent and selective zones within a brain region 
long hypothesized to be crucial in integrating diverse information streams. Through systematic 
sampling across four functional domains and rigorous Bayes Factor analysis of both presence 
and absence of activation, we reveal a gradient of convergence from domain-selective zones to 
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a multi-domain convergence zone in bilateral dAIns, with an unprecedented combination of 
spatial coverage, precision, and functional diversity. Our multi-level characterization 
demonstrates that these functional zones are distinguished by specific patterns of 
cytoarchitecture, coactivation with other brain regions, and neurotransmitter distribution—
providing evidence beyond mere overlap of BOLD signals that these represent distinct 
functional units. These results reconcile previous work by demonstrating how functional 
specialization and information convergence coexist within the insula's hierarchical organization, 
suggesting a potential role for this architecture in integrating diverse information streams to 
support unified subjective experiences and the construction of the sense of self. 

Methods 

Study design 

This study uses a construct-validation approach, building upon previous research by Kragel et 
al.142 and Van Oudenhove et al.158, to explore domain-general and domain-selective 
representations of four functional domains in the insula: somatic pain, non-somatic appetitive 
processes, non-somatic aversive processes, and cognitive control. This approach aims to 
identify brain regions that consistently respond to a particular psychological construct (e.g., 
pain) across multiple experimental manipulations and studies, ensuring that the voxels identified 
as domain-general and domain-selective are not driven by specific experimental conditions or 
study-specific factors, but rather represent the underlying latent construct (for further details on 
the rationale of this approach, see refs.142,158). 

Specifically, we systematically sampled participant-level fMRI activation maps from the Affective 
Neuroimaging Consortium (www.anic.science) database across the four domains above. Each 
domain includes three subdomains representing different experimental manipulations that 
engage processes within that domain. Pain domain includes responses to thermal, mechanical, 
and visceral stimulation; appetitive processes domain includes responses to food, drug, and 
sexual images; aversive processes domain includes responses to negative images, aversive 
sounds, and negative social interactions; and cognitive control domain includes responses 
during working memory, response inhibition, and attention switching tasks. For each 
subdomain, we included three independent studies using similar experimental manipulations, 
with 15 randomly sampled participants per study (total k=36 studies, n=540). This hierarchical 
and balanced design allows us to dissociate insula sub-areas that are selective for a specific 
domain and those that generalize across all four domains. See Supplementary Table 4 for a full 
list of studies included in the current dataset. 

The current study was a mega-analysis of multiple independent studies. Participants were 
recruited independently for each study and informed consent was provided by all subjects in 
accordance with local ethics and institutional review boards. Descriptions of ethics approvals, 
image acquisition, and demographics are described briefly for all 36 studies in Supplementary 
Table 4 and in full detail in the corresponding references (see also the Life Sciences Reporting 
Summary). 
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Data harmonization 

To ensure compatibility and consistency of the data aggregated from multiple studies, all 
participant-level activation maps used in the current study were first resampled into a reference 
space (Study 1159) and harmonized using z-scoring normalization across voxels within the 
insula. By analyzing patterns of values across voxels instead of absolute intensities, this 
approach helps to account for idiosyncrasies in the scale of activity across studies, which is 
influenced by various factors such as differences in acquisition, preprocessing, voxel size, 
contrast weights, and other nuisance factors. This implies that local activity estimates are lower 
in images with more overall activations across the insula, leading to more conservative results, 
as domain convergence and selectivity analyses are performed on the relative activation maps. 
Therefore, we analyzed the standardized means (i.e., mean across insular voxels divided by 
standard deviation across insular voxels, mean/SD) removed from each activation map during 
z-scoring normalization at the domain, subdomain, and study levels to assess potential 
differences in whole-insula activation between domains (see whole-insula activation below). We 
chose z-scoring after considering several other harmonization methods including ComBat160, L2 
normalization, and standard deviation normalization. These alternatives were either not 
applicable due to the nested relationship between scanning parameters and tasks, or did not 
significantly improve harmonization (see Supplementary Notes for detailed discussion of 
harmonization approaches and their limitations). Similar normalization procedures are common 
in multivariate pattern analysis in fMRI and in machine learning and multivariate statistics more 
broadly (e.g., in profile analysis). Here, this allows us to focus on the relative differences in brain 
patterns across the four mental constructs while minimizing the impact of study-specific factors.  

Whole-insula activation 

To better understand the information removed during z-scoring normalization, we analyzed the 
standardized means (i.e., mean/SD values removed in normalization) of contrast coefficients 
across functional domains to check for inter-domain differences in whole-insula activation (see 
Supplementary Fig. 7). The standardized means of all domains were significantly larger than 0 
after FDR correction at p<0.05, indicating that all domains activated the insula overall: pain 
(mean=0.68, two-tailed t(134)=12.74, 95% CI [0.57, 0.78], Cohen’s d = 1.10); appetitive 
processes (mean=0.40, t(134)=5.69, p<0.01, 95% CI [0.26, 0.53], Cohen’s d = 0.49); aversive 
processes (mean=0.13, t(134)=2.56, 95% CI [0.03, 0.24], Cohen’s d = 0.22); and cognitive 
control (mean=0.15, t(134)=2.52, 95% CI [0.03, 0.26], Cohen’s d = 0.22). Pain showed 
significantly higher standardized means compared to other domains: versus appetitive 
processes (two-tailed t(268)=3.18, 95% CI [0.11, 0.45], Cohen’s d = 0.39), aversive processes 
(t(268)=7.24, 95% CI [0.39, 0.69], Cohen’s d = 0.88), cognitive control (t(268)=6.77, 95% CI 
[0.38, 0.68], Cohen’s d = 0.83, all FDR-corrected p<0.01). These results indicate that pain elicits 
more pronounced and widespread activations across the insula, possibly due to its engagement 
of a diffuse modulatory system. One consequence is that local posterior insular activity for pain, 
which was apparent in the pre-normalized maps, was not significant after normalization. This 
highlights that the main results should be interpreted as relative patterns of activation, with pain 
showing the strongest insula-wide response. 
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Multiclass support vector machine classifier 

We trained multi-class linear Support Vector Machine (SVM) classifiers with 5-fold cross-
validation for hyperparameter optimization (box constraint). The classifiers were trained to 
discriminate each domain from the others (one vs. all scheme) using two studies per subdomain 
for training and a third study as an independent test set for domain and subdomain-level 
evaluations (e.g., pain from all other domains, thermal pain from all other subdomains). To 
estimate out-of-study generalization error, we systematically sampled different studies for 
training and test sets by leaving a different study out in each subdomain for each model, training 
100 models in total, and reported the average performance on the test sets (see Supplementary 
Fig. 8 for a schematic description of study selection). 

Bayes Factors 

We calculated Bayes Factors (BFs) at the voxel level using Bayes Factor one-sample t-test with 
the Jeffrey-Zellner-Siow prior (JZS, Cauchy distribution on effect size; ref.65) to identify voxels in 
the insula exhibiting domain-general or domain-selective activation patterns. BF directly 
compares the probability of the data under two competing hypotheses: the alternative 
hypothesis (an effect exists) versus the null hypothesis (no effect). 

First, the Bayes Factor for an one-sample t-test is calculated as follows: 

 

where  is the t-statistic,  is the sample size,  is the degrees of freedom ( ), and  is the 
scale factor (set to 0.707, indicating a moderate expected effect size; refs.65,84).  

We set thresholds at BF>4.32 for an effect and BF<0.23 (an inverse of 4.32) for no effect, 
corresponding to 4.32:1 odds. This decision was supported by previous literature suggesting 
that Bayes Factors with JZS between 3 and 10 are considered moderate-level evidence161–163. 
These thresholds were chosen to ensure the identification of effects and null effects, minimizing 
the potential for false positives while maintaining sensitivity to true effects. 

Voxels were considered activated only when showing both BF>4.32 and positive t-statistics. 
Evidence for no activation included cases of either evidence for no effect (BF<4.32 with either 
positive or negative t-statistics) or evidence for deactivation effect (BF>4.32 with negative t-
statistics). By conjunction of BFs across all domains, domain-general voxels required activation 
across all domains, while domain-selective voxels required activation in their designated domain 
and evidence for no activation in other domains. Specifically, domain-general voxels were 
defined as those with BF>4.32 and t>0 across all domains. Domain-selective voxels were 
defined as those with 1) BF>4.32 and t>0 for the designated domain, and 2) BF<0.23 or 
BF>4.32 and t<0 for the other domains.  
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Neurosynth functional decoding 

We examined spatial correlations between the identified insular zones and two types of meta-
analytic maps: 525 term and 50 topic association test maps that show voxels preferentially 
associated with studies related to particular psychological terms or topics. Topic maps were 
streamlined from a set of 100 topics (“vs-topics-100”) that were extracted using Latent Dirichlet 
Allocation (LDA) from abstracts of all articles in the Neurosynth database as of July, 2015 
(11,406 articles), after excluding non-psychologically relevant topics. We used standardized 
point-biserial correlations to calculate spatial correlations between our identified insular zones 
and these two types of meta-analytic maps for topics and terms. Correlation coefficients were z-
scored within each zone to examine the relative strength of correlations across topics for each 
zone. We report topics showing standardized correlation>1 and the top 10 highest and lowest 
correlating terms for each insular zone. See Supplementary Table 2 for a full list of Neurosynth 
topic maps used in the current analysis.  

Neurosynth functional diversity analysis 

To assess functional diversity across brain regions, we used the uniformity test maps from the 
same set of 50 topics, which show voxels consistently activated across studies associated with 
each topic. For each brain voxel, we calculated the proportion of topics showing significant 
activation. Voxels were then ranked brain-wide based on this proportion to quantify their 
functional diversity across psychological topics. 

Coactivation between the insula and other brain areas 

We performed a meta-analytic coactivation analysis using activation coordinates from 27,072 
studies registered in the Neurosynth repository as of April, 2022. We created meta-analytic 
binary activation maps using Multi-level kernel density Analysis (MKDA; ref.164) with a 4-mm 
smoothing kernel. In these maps, a voxel was coded as active for a study if the reported peak 
coordinate was within 4-mm of the given voxel. Using these meta-analytic activation maps, we 
calculated point-biserial correlations between each domain-general and domain-selective 
insular zone and each voxel in the cortical and subcortical regions of the whole brain, excluding 
the insula. The resulting correlations were thresholded at FDR-corrected q<0.01 and cluster 
size>100 voxels. Voxels above the threshold were assigned to one of the insular zones based 
on which zone showed the maximum correlation, provided that the maximum correlation with 
one of the insular zones was at least 10% higher than the next highest correlation. 

To examine the relationship between the coactivated regions and seven resting-state networks 
(combined from refs.73–75), we calculated the percentage of voxels in the coactivated regions 
that overlapped with each of the seven resting-state networks in the cortical, subcortical, and 
cerebellar regions. 

Cytoarchitectonic profiling 

To determine the best matching cytoarchitectonic parcel for each insular zone, we calculated 
spatial overlap between each insular zone and each atlas parcel from the Julich-Brain 
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Cytoarchitectonic Atlas23,68 (see Fig. 5) using the Dice Coefficient (DC), a measure ranging from 
0 (no intersection) to 1 (complete intersection). This atlas includes 16 distinct parcels in the 
insula, which are regrouped into four clusters (posterior, dorsal anterior, inferior posterior, and 
ventral anterior) based on their common cytoarchitectonic characteristics (granular-dysgranular, 
dysgranular, dysgranular-agranular, and agranular, respectively). We selected parcels with a 
DC higher than 0.1 to report and note which group each insular zone is predominantly 
associated with. 

Neurotransmitter system profiling 

We used a comprehensive receptor and transporter binding map atlas (Neuromap69,70) that 
contains 40 PET-derived binding maps covering 19 neurotransmitter receptors and transports 
and 9 systems in over 1,200 healthy individuals. The atlas includes maps for the following 
receptors and transporters (transporters indicated with *): α4β2, M1, VAChT* (acetylcholine); 
CB1 (cannabinoid); D1, D2, D3, DAT* (dopamine); GABAA/BZ (GABA); mGluR5, NMDA 
(glutamate); H3 (histamine); NET (norepinephrine); MOR (opioid); 5-HT1a, 5-HT1b, 5-HT2a, 5-
HT4, 5-HT6, 5-HTT* (serotonin). Here we used 36 images after removing 4 images due to 
issues found during implementation. 

We calculated point-biserial correlations between each insular zone and each receptor and 
transporter map in the atlas. Higher correlations indicate the relatively greater density of a given 
neurotransmitter receptor/transporter. To evaluate the significance and error variability of 
associations, we bootstrapped each domain-general and selective insular map for 100 
iterations. For each iteration, we resampled individual contrast maps and regenerated four 
insular maps for each domain based on these bootstrap samples. Spatial correlations were then 
calculated between each bootstrapped insular map and each PET binding map, reporting the 
mean and standard deviation of these spatial correlations across the 100 bootstrap samples as 
an estimate of the standard error. For the representativeness of the results, we only interpret the 
results where 1) there is more than one study on the same neurotransmitter receptor or 
transporter, and 2) the results from all studies on the same neurotransmitter receptor or 
transmitter are in agreement. We made exceptions for cases showing meaningful associations 
based on previous literature. We applied the same approach to the coactivated extra-insular 
regions of each insular zone. For each insular zone, we computed Pearson’s correlations 
between its neurotransmitter receptor profile (pattern of receptor densities across different 
systems) and the receptor profile of its corresponding coactivated regions to test for shared 
patterns of receptor/transporter distributions.  
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